Abstract: T-type transmission lines have been increasingly used in distribution networks because of the distributed generation integration, but inaccurate line parameters will cause significant error in the results of most existing fault location algorithms for this kind of line. In order to improve the precision, this paper proposes a new fault location algorithm taking line parameters as unknowns. The fault is assumed to occur on each section, and corresponding ranging equations can be built based on one set of three-terminal post-fault synchronous measurements, without using line parameters as inputs. Then, more sets of measurements are utilized to increase the redundancy of equations to resist the influence of data error. The reliable trust-region algorithm is used to solve each group of equations, but only equations of the assumed faulty section with the actual fault point can give the reasonable solutions, accordingly identifying the fault point. The performance of the proposed method is thoroughly investigated with MATLAB/Simulink. The results indicate that the algorithm has a high accuracy and is basically unaffected by fault position, fault resistance, unbalanced fault type, line parameter, and data error.
Introduction
The use of T-type transmission lines is rapidly increasing in distribution networks due to their greater capability and flexibility in power supply [1] . However, the fault on T-type lines will affect the power supply reliability and the operation of distributed generation. Therefore, designing an algorithm to locate the fault quickly and accurately for this kind of line is significant for fault recovery and the improvement of reliability.
Fault location algorithms for T-type transmission lines can be categorized into two types: one is based on a travelling wave and another type uses measured impedance. The fault distance is calculated using the wave travelling speed and time in travelling wave-based methods [2] [3] [4] [5] . These methods have a high precision but rely on high-speed sampling devices. Another kind of method, which utilizes the proportion of measured impedance and line impedance to calculate the fault distance are mainly affected by the fault resistance, the accuracy of line parameter, and measurement data. Once these effects are reduced, the impedance-based methods [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] can become another option for the location of T-type line faults due to the convenience and reliability.
The existing fault location algorithms based on measured impedance for T-type transmission lines can be categorized into two types based on asynchronous [6, 7] and synchronous measurements [8] [9] [10] [11] [12] [13] [14] [15] [16] . The algorithms using asynchronous measurements mainly calculate the asynchronous angle on the basis of pre-fault data or unfaulty line data, and then perform the fault location with synchronized data. In recent years, the extensive application of synchronous measurement devices, such as µMPMU (micro-multifunctional phasor measurement unit) in the distribution network makes accurate
Fault Location Algorithm
The proposed algorithm can locate the fault without line parameter values and resists the influence of data error due to measurement, background noise, and fundamental component calculation using a DFT (discrete Fourier transform [20] ) algorithm to some degree.
The fault location process is divided into four steps. The first step is to assume that the fault occurs on each section of the T-type line, and form one group of equations for each assumed faulty section, where equations do not require the line parameter values as inputs. The second step is to increase the number of equations for each assumed faulty section by using redundant sampling data to reduce the influence caused by the data error of the voltage and current. The next step is solving the three constructed equation sets using a trust-region algorithm. The last step is to identify the fault point directly according to the reasonability of all solutions.
The Sections 2.1-2.4 describe the four steps of the algorithm in sequence.
Establishment of the Fault Location Equations
Considering that T-type transmission lines of a distribution network are usually short, this algorithm assumes that transmission lines are fully transposed and neglects the shunt capacitances [6] . However, the Π-type equivalent line model is still adopted for simulation verification. T-type transmission line is usually divided into two types, namely three-terminal line and tapped line, where the former means the branch line is fed by a power source and the latter means the branch line is terminated at loads [16] . These two structures are all shown in Figure 1 . In this paper, the line from terminal M to N and the line from tapping point T to terminal P are denoted as the main line and branch line, respectively, where each have different parameters. Each terminal is equipped with a µMPMU and the measurements are synchronous. setting of the threshold value used for faulty section identification in most indirect methods for a Ttype line.
In the rest of this paper, Section 2 indicates the derivation of the fault location equations, the reduction of the influence caused by data error, the solution of equations via the trust-region algorithm, and the direct identification of the fault point. Then the performance of the algorithm is evaluated in Section 3 and the summary is made in Section 4.
Fault Location Algorithm
The Sections 2.1, 2.2, 2.3, and 2.4 describe the four steps of the algorithm in sequence.
Establishment of the Fault Location Equations
Considering that T-type transmission lines of a distribution network are usually short, this algorithm assumes that transmission lines are fully transposed and neglects the shunt capacitances [6] . However, the Π-type equivalent line model is still adopted for simulation verification. T-type transmission line is usually divided into two types, namely three-terminal line and tapped line, where the former means the branch line is fed by a power source and the latter means the branch line is terminated at loads [16] . These two structures are all shown in Figure 1 . In this paper, the line from terminal M to N and the line from tapping point T to terminal P are denoted as the main line and branch line, respectively, where each have different parameters. Each terminal is equipped with a μMPMU and the measurements are synchronous. Assuming the fault occurs on the section MT, the current flowing from the terminal M to point F is . The current flowing from point T to point F is the sum of the current flowing from Energies 2019, 12, 1534 Assuming the fault occurs on the section MT, the current flowing from the terminal M to point F is I m . The current I t flowing from point T to point F is the sum of the current I n flowing from terminal N to point T and the current I p flowing from terminal P to point T, as shown in Equation (1):
The post-fault three-phase voltages of point F derived using the voltage and current measured at terminals M, N, and P are equal. Then, the equations derived based on the above principle, as shown in Equations (2)- (7), are:
where: To simplify the formulae, the following definitions are given:
Then Equations (2)- (7) are simplified to Equation (11):
Assuming the fault occurs on the section NT, the following equations can also be derived, as given in Equation (12) .
where x 2 is the fault distance between fault point F and terminal N. Assuming the fault occurs on the section PT, Equation (13) can be given similarly.
where x 3 is the fault distance between fault point F and terminal P. For each assumed faulty section, an equation set consisting of six non-linear equations (e.g., Equations (2)- (7)) with six unknowns (fault distance, distance between M and T, self-impedance, and mutual impedance per unit length of line MN and PT) can be established on the basis of three-terminal synchronous fundamental frequency components. There are as many equations as unknowns, so each equation set can be solved using a suitable numerical algorithm.
Improvement of Fault Location Equations
The aforementioned fault location algorithm can accurately locate the fault without line parameter values under the premise of precisely obtaining the fundamental frequency voltages, currents, and each line length. However, in engineering practice, the data error caused by the measurement, background noise, and phasor calculation will inevitably exist. Hence, the data entered into the algorithm are inaccurate, which would greatly affect the accuracy of the algorithm and could cause the algorithm to fail. Therefore, the algorithm needs to be improved to reduce the influence of data error.
When data error exists, a single equation set (e.g., Equation (11)) could yield the fault location result with considerable error. However, redundant equation sets can be built by using different sets of fundamental frequency data, which are obtained by different sets of sampling data. Then, the solving of equation sets is transformed into a global optimization problem, and the influence of data error can be reduced to some extent based on estimation theory.
Different sets of sampling data can be constructed by sliding the data window, which is illustrated in Figure 2 . of fundamental frequency data, which are obtained by different sets of sampling data. Then, the solving of equation sets is transformed into a global optimization problem, and the influence of data error can be reduced to some extent based on estimation theory.
Different sets of sampling data can be constructed by sliding the data window, which is illustrated in Figure 2 . Considering the effects of the decaying direct current component and the action time of the relay protection equipment, only the post-fault second and third cycle of sampling data in the measurement devices are used. One cycle of voltage and current data consists of 128 sampling values in this paper. First, starting from the first sampling value of the second cycle of sampling data after the fault, a total of 128 sampling values are selected to form the first data window, and the corresponding fundamental voltage and current are extracted using a DFT algorithm to construct one set of equations. Then, the data window is slid over one sampling period step to extract the corresponding fundamental voltage and current. The fundamental voltage and current of the M, N, and P terminals extracted using the s-th data window are defined as follows: U ms , U ns , U ps , I ms , I ns , I ps , s = 1, 2, . . . , j.
Thus, assuming a fault occurs on the MT section, j equation sets can be constructed as shown in Equation (14):
Similarly, assuming a fault occurs on the NT section, equations shown in Equation (15) can be built:
Assuming a fault occurs on the PT section, the following Equation (16) can be established:
. . .
have the same meaning as that in Equations (11)- (13) .
The equations corresponding to each assumed faulty section involve six unknowns, that is, x 1 (or x 2 or x 3 ), L mt , z s1 , z m1 , z s2 , and z m2 . As such, the overdetermined Equations (14)- (16) can be solved using a numerical algorithm. The details of solving via a trust-region algorithm are illustrated in Section 2.3. Considering the speed of solving and accuracy of the solution, j is set to 30 in the proposed fault location algorithm. 
Solving the Fault Location Equations
The basic idea of the Newton-Raphson method is to approximate the objective function with its second-order Taylor series around the iteration point t k , and use the minimum value s k to correct t k . This method can only guarantee local convergence and may fail to give the solution if the initial value is improper.
By contrast, the basic idea of the trust-region algorithm is to set t k as the current iteration value and solve a sub-problem in a closed spherical trust region with t k as the center and r k as the radius to obtain the trial step size d k . If the trial is successful, in the next iteration, the radius of the trust region remains unchanged or expands, and t k is updated to t k + d k . Otherwise, the radius is reduced and t k does not change. Therefore, the trust region algorithm needs to continuously update the trial step size d k , the trust region radius r k , and the iteration value t k until the objective function converges.
The trust-region algorithm can directly determine the search area and dynamically correct it, producing a global convergence with higher robustness, which can guarantee a solution whenever it exists [21] . Therefore, in order to realize the solving of fault location equations more reliably, a trust-region algorithm is preferred in this paper. Equation (14) corresponding to the fault on section MT is taken as an example to describe the solving process. Here, j is set to 1 for the convenience of explanation.
If j is equal to 1, the Equation (14) contains six equations (i.e., Equations (2)- (7)) involving complex variables. When the trust-region algorithm is used, the six equations in the complex domain need to be transformed into 12 equations in the real domain by separating the real and imaginary parts. If z s1 , z m1 , z s2 , and z m2 are respectively represented as r s1 + j × l s1 , r m1 + j × l m1 , r s2 + j × l s2 , and r m2 + j × l m2 , the unknowns x 1 , L mt , z s1 , z m1 , and z s2 , z m2 will be transformed into x 1 , L mt , r s1 , l s1 , r m1 , l m1 , r s2 , l s2 , r m2 , and l m2 accordingly.
First, define the unknown variable vector:
Then, Equation (14) can be expressed as Equation (18):
Now, make another definition as follows:
Therefore, the solving of the equations can be transformed into a minimization problem in the form of Equation (20), where g(t) = g(t) × g(t) T :
When the trust-region algorithm is used to solve the minimization problem, a trial step size d k , a trust region radius r k and an iteration value t k need to be specified for each iteration. The initial value t 0 and r 0 can be set to 1 here due to the low initial value requirement of the algorithm.
Calculation of d k
The step size d k is calculated by solving the following optimization sub-problem, as given in Equation (21) , by attempting to make h(
Taylor series of h(t) around t k and its behavior approximates to h(t k ). ∇h(t k ) and ∇ 2 h(t k ) respectively represent the gradient and Hessian of h(t) at t k . The superscript T represents matrix transposition.
Due to its great effect, the dogleg algorithm is used in this paper to solve the sub-problem [21] . The details are as follows:
First, define two variables B k and U k , so as to obtain the index τ k :
Calculation of r k and t k
The adjustment of the trust region radius r k and the update of the iteration value t k are based on the built index ρ k .
If ρ k ≥ 0.9, this means that q k (d k ) can effectively reflect the behavior of h(t k ). In order to improve the convergence speed, the radius r k is set to 2 × r k . If ρ k ≤ 0.01, this means that the approximation of q k (d k ) is not effective, so r k is set to 0.5 × r k . Otherwise, r k remains unchanged.
Furthermore, if ρ k > 0.01, this indicates that the objective function value is successfully reduced. Then, the solution is modified with the trial step size, that is, t k+1 = t k + d k . Otherwise, t k is not modified.
Determination of the Solution
The iteration process continues until the convergence condition is satisfied, that is, h(t k+1 ) ≤ ε. Finally, t k+1 is taken as the solution of Equation (14) . The flowchart of solving using the trust-region algorithm is shown in Figure 3 . 
Identification of the Fault Point
Regardless of which section the fault occurs on, Equations (14)- (16) can all be tried to solve the trust-region algorithm. However, only equations of the assumed faulty section with actual fault point can give the reasonable solutions. Reasonable solutions mean that the calculated fault distance and the distance between M and T are greater than zero and less or equal to the length of the corresponding section. They also mean that the calculated line parameters are positive. The reasonable results of Equations (14)-(16) are described as Equations (25)- (27) respectively.
Finally, the calculated fault distance in the reasonable solutions is taken as the correct fault distance. The assumed faulty section, which corresponds to the reasonable solutions, is taken as the correct faulty section. For example, the solutions of Equation (14) are reasonable, but Equations (15) and (16) give the unreasonable solutions or have no solutions, which means the faulty section is section MT and the fault distance is . Using the comprehensive analysis in Section 2, the flow chart of the complete fault location algorithm is given as Figure 4 . 
Finally, the calculated fault distance in the reasonable solutions is taken as the correct fault distance. The assumed faulty section, which corresponds to the reasonable solutions, is taken as the correct faulty section. For example, the solutions of Equation (14) are reasonable, but Equations (15) and (16) give the unreasonable solutions or have no solutions, which means the faulty section is section MT and the fault distance is x 1 . Using the comprehensive analysis in Section 2, the flow chart of the complete fault location algorithm is given as Figure 4 . 
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Performance Evaluation
Simulation Data
The performance of the algorithm was evaluated for various faults on T-type transmission line in 10 kV distribution network with neutral grounding by 10 Ω resistance. MATLAB/Simulink (MathWorks, Natick, Massachusetts, USA) was used to build a three-terminal transmission line model and tapped transmission line based on a Π-type equivalent line model. Compared to the three-terminal line, a tapped line has only one difference, that is, terminal P is terminated at a 2 + j0.5 MVA load. The sampling frequency was 128 sampling points per cycle and the system parameter settings were as given in Table 1 . 
Performance of Fault Location Algorithm without Data Error
First, in order to verify the self-consistency and effectiveness of proposed algorithm in the absence of data error, three unbalanced faults (a-g, a-b-g, a-b) with four fault resistances (1, 10, 100, 500 Ω) were considered at nine fault points (0.1-0.9 p.u.) from the head of each line in a three-terminal line model and tapped line model.
All simulation tests indicated that the results of the fault location were accurate. Due to space limitations, traversal simulation results of fault location for section PT in three-terminal line are listed as Figures 5-7 to show the general performance of the algorithm. The representative and specific calculation results are listed in Tables 2-4 for detailed analysis. Given the similarity between the three-terminal line model and tapped line model, only partial results of the fault location in the tapped line model are listed in Table 5 to verify the effectiveness of algorithm in tapped line.
In this paper, the error of distance calculation is defined as in Equation (28):
The error of line parameter calculation is expressed as in Equation (29):
Effect of the Fault Position
Figures 5-7 show the errors of the computed fault distances with the change of fault position and fault resistance when an a-g, a-b-g, or a-b fault occurs on section PT, respectively. Table 2 also lists the specific results of the fault location in the typical fault positions. The results have a very small difference between them and their errors are all within 10 m.
In addition, research was conducted in order to verify the validity of this algorithm on the condition that the fault occurs near the tapping point. The simulation results listed in Table 3 show that the obtained fault location results are still accurate.
These results reveal the immunity of the proposed algorithm against the fault position. Table 2 summarizes the computed fault distances under 1, 10, 100, 500 Ω fault resistance, indicating that the errors in most cases were no more than 5 m. Actually, the fault location equations do not involve the fault resistance, so the relationship between the various electrical quantities in the equations is not affected by fault resistance in principle. The results show that the algorithm was basically independent of fault resistance.
Effect of the Fault Resistance
Effect of an Unbalanced Fault Type
The fault scenarios considering various unbalanced fault types were tested, such as single-phase earth fault, two-phase earth fault, and two-phase short circuit fault. The calculated results are presented in Table 2 . The errors within 5 m indicate that the proposed algorithm displayed good performance irrespective of the unbalanced fault type.
Effect of the Line Parameter
The proposed fault location algorithm takes the line parameter as unknown by-products to be solved without requiring line parameter as inputs. The calculated line parameters of line MN when the fault occurred 1 km away from terminal M on section MT are shown in Table 4 . Compared with the true line parameter values per unit length, as in Equation (30), the maximum error of the calculated parameter values was less than 5%, showing the high accuracy.
Therefore, when data errors do not exist, the proposed algorithm has a high accuracy and is basically affected by fault position, fault resistance, unbalanced fault type, and line parameter in three-terminal line. The same simulations were also performed in a tapped line, and the partial calculated results are listed in Table 5 , which also show good performance and reveal the effectiveness of the algorithm in a tapped line. These results reveal the immunity of the proposed algorithm against the fault position. Table 2 summarizes the computed fault distances under 1, 10, 100, 500 Ω fault resistance, indicating that the errors in most cases were no more than 5 m. Actually, the fault location equations do not involve the fault resistance, so the relationship between the various electrical quantities in the equations is not affected by fault resistance in principle. The results show that the algorithm was basically independent of fault resistance.
Effect of the Fault Resistance
Effect of an Unbalanced Fault Type
Effect of the Line Parameter
The proposed fault location algorithm takes the line parameter as unknown by-products to be solved without requiring line parameter as inputs. The calculated line parameters of line MN when the fault occurred 1 km away from terminal M on section MT are shown in Table 4 . Compared with the true line parameter values per unit length, as in Equation (30), the maximum error of the calculated parameter values was less than 5%, showing the high accuracy. 
Therefore, when data errors do not exist, the proposed algorithm has a high accuracy and is basically affected by fault position, fault resistance, unbalanced fault type, and line parameter in three-terminal line. The same simulations were also performed in a tapped line, and the partial calculated results are listed in Table 5 , which also show good performance and reveal the effectiveness of the algorithm in a tapped line. Table 3 . The results of fault location when the fault occurs near the tapping point. 
Performance of the Fault Location Algorithm Considering Data Error
Considering the usual ±1% data error due to measurement, background noise, and fundamental component calculation in distribution network [22, 23] , the accuracy of the proposed algorithm in this case is evaluated in this section.
Thirty sets of three-terminal post-fault sampling data were obtained using Simulink, and the corresponding fundamental voltages and currents were extracted using a DFT algorithm in the three-terminal line model. Furthermore, ±1% Gaussian white noise was added to each fundamental component to simulate the ±1% data error. Then, the fault location algorithm was conducted in MATLAB. Because of the randomness of Gaussian white noise, the result of one test could not effectively explain the performance of the algorithm. Thus, tests were carried out 20 times for each fault condition.
First, only one set of sampling data was used in the algorithm and Table 6 presents the statistical results. When the a-g fault with a 1 Ω fault resistance occurred at 0.5 km away from M on section MT, the tests for the fault location were conducted 20 times, but only 6 tests gave the results with errors in 0-100 m range, and the result errors of 12 tests were greater than 100 m. Specifically, this algorithm failed twice. In general, the algorithm yielded the results with errors greater than 100 m in most cases and the average error was about 146 m. Furthermore, the algorithm sometimes failed to give the results.
Then, 30 sets of sampling data were used to locate the fault. By contrast, most of the result errors were within 0-50 m and the average error was about 36 m. There was no failure in any of the tests. It can be seen that the improved algorithm could give the location results reliably and has high accuracy.
The same research was carried out in a tapped line model and the proposed improved algorithm also displayed good performance. Therefore, the fault location algorithm using 30 sampled windows
Conclusions
In view of the influence of line parameters on the conventional algorithm, this paper proposes a parameter-free fault location algorithm for a T-type transmission line in a distribution network with neutral grounding via low resistance. When the line parameters are unknown, this algorithm can identify the faulty branch and find the fault distance only using the post-fault redundant synchronous measurements of three terminals and the length of lines. This algorithm is basically unaffected by fault position, unbalanced fault type, fault resistance, line parameter, and data error. Its accuracy and robustness have been verified using the simulation results. This algorithm is also suitable for the short T-type overhead lines in a transmission network when the three-terminal synchronous post-fault measurements can be obtained. The main contributions of the proposed fault location algorithm are as follows:
•
The line parameter values are not required because they are taken as unknowns to solve together with the fault distance.
The influence of data error can be resisted to some extent based on the redundant data and estimation theory.
The high reliability and robustness can be ensured via the use of a trust-region algorithm to solve the non-linear equations.
The fault point can be identified directly according to the reasonability of the equations' solutions, avoiding a series of problems when the faulty section judgment is performed first in most indirect methods.
